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ABSTRACT

A physical model for the prediction of large-scale low cloudiness [ESD-TR-65-3]
was modified. Results of three 12-hour forecasts (for different synoptic situations),
computed with the new model, are presented.

Equations for the contact layer were derived for the forced convection, free
convection, and strong inversion regimes. The requirément for upper boundary condi-
tions is reduced; only the geostrophic wind components and upper-level cloudiness are
required from a free-air model. Empirical methods were developed for computing
the instrument shelter level temperature and relative humidity. The eddy diffusion
coefficient for heat and water is a function of the Richardson number throughout the
boundary layer. The linear geostrophic wind shear within the boundary layer is com-
puted from the predicted temperature.

The model has not been thoroughly tested: preliminary results suggest that, given
a careful analysis of routine observational data, this boundary layer model will serve
operationally-meaningful diagnostic and predictive functions.

The logic used in constructing the computer program for the model is

presented.

REVIEW AND APPROVAL

Publication of this technical report does not constitute Air Force approval of the
report’s findings or conclusions. It is published only for the exchange and stimulation

of ideas.

Aeltt. e

Robert L. Houghten
Lt. Colonel, USAF
Acting System Program Director
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SECTION I
INTRODUCTION

It is frequently noted that physical atmospheric prediction models rarely have
merited designation as weather prediction models. Empirical investigations have shown
that the interpretation of even an accurate circulation prediction in terms of weather
conditions is not a trivial problem.

Some ten years ago, Smagorinsky and Collins [26] advanced a procedure for
utilizing a two-parameter, quasi-geostrophic model for predicting precipitation amounts.
The hypothesis that diabatic effects might have a significant role in cases of strong,
baroclinic development led many investigators to develop physical prediction models that
incorporated the condensation process more or less along the lines suggested by
Smagorinsky and Collins. Gambo [11] has indicated recently that diabatic effects, while
they may not lead to rapid deepening, can be very significant in the maintenance of accurate
phase relations in multi-level circulation models. At the present time, neither the Air
Force nor the National Meteorological Center (NMC) enploys physical prediction models
that incorporate the diabatic processes which are intimately related to weather phenomena.
In general circulation research, the utilization of diabatic models is clearly essential, and
in the light of the requirement for long-range weather predictions, operational prediction
will have to be reoriented to the utilization of diabatic physical prediction models.

The region of the troposphere which is most greatly influenced by diabatic processes
is the planetary boundary layer. Because most horizontally-extensive low cloudiness is
confined to this layer, it appears desirable to approach the problem of the prediction of
synoptic-scale low cloudiness through the use of a reasonably complete physical model of
the boundary layer. The model which is presented in this paper is an effort in this direc-
tion.

Some work has been done previously in the formulation of subsynoptic-scale physical
models of the boundary layer, notably by Fisher [8] and Estoque [7]. Their work could
not be directly extended because of their requirement for non-routine meteorological
observations. It was necessary, therefore, to consider the feasibility of constructing a

meaningful model which would utilize only routine observational data but yet incorporate

the significant physical processes.




A number of suggestions made to the writer by Drs. Arnason and Pandolfo of The
Travelers Research Center, Inc. (TRC), Prof. Davidson of New York University, and
Prof. Blackadar of Pennsylvania State University were helpful in indicating the extent to
which certain physical approximations might be justified. Foremost among the modeling

simplifications adopted in our work are:

(a) the use of a static-diagnostic horizontal-wind equation,

(b) the use of an empirical surface temperature prediction technique,

(c) the use of empirical formulas for the stress and geostrophic
deviation angle,

(d) the neglect of radiative heat flux divergence,

(e) the use of the constant-flux contact layer,

(f) the use of an empirical surface humidity prediction technique.

The research presented in this paper was essentially oriented to a specific applica-
tion, i.e., low-cloud prediction. A broader view of the framework within which this
modeling approach may be applied has been indicated above, but has not yet been pursued.

After development of the model to its present form, an extensive period of careful
testing is desirable. From a practical viewpoint, these tests should indicate the relative
usefulness of the model in comparison with other methods for low-cloud prediction. An
equally useful purpose for such tests would be to unveil the hidden characteristics of the
model atmosphere. Within the scope of the effort reported here, we have been able to

conduct only a few tests of the model.




SECTION II
DERIVATION OF MODEL EQUATIONS

The equations governing the model atmosphere are written in Cartesian coordinates.
The horizontal coordinates, x and y, are rectangular coordinates on a polar stereographic
map projection. Because the pertinent physical boundary is the surface of the ground or
ocean, and not a fictitious mean-sea-level, we chose the height above the terrain as the
vertical coordinate, Z.

The planetary boundary layer is decomposed into two sublayers. A shallow layer,
denoted as the contact layer, occupies the region between Z = 0 and Z = h (50 m). The
bulk of the boundary layer is termed the transition layer. It has been assumed that the
upper boundary of the planetary boundary layer may be set at 2 km above the terrain

height.

1. Horizontal Equations of Motion

We assume that the horizontal wind components, u and v, are governed by the

balance equations,

2
a—“z - - 20%w - v) (I1-1)
9z g

2

8—"2 =+ 202w - u) (II-2)
9z J

where @, the square root of the ratio of the Coriolis parameter to twice the eddy
viscosity, is assumed to be independent of Z, and ug and vg, the geostrophic wind com-

ponents, are assumed to be linear functions of Z. Under the boundary conditions,

u-—u
s as Z — ® (11-3)
vV —~v
g
and
L at Z = h (LI-4)
v=YV

the solutions of Eqs. (II-1) and (II-2) may be given by




u=u e—a(Z-h) {(U - uh) cos [@(Z-h)] + (V - vh)
g g g (LI-5)
sin [@(Z-h)]}
vV=v_ + e-a(Z—h) {(v - vh) cos [@(Z-h)] - (U- uh)

sin [@(Z-h)]}

in which uz and V; are the values of ug and vg at Z = h. The values of U and V required

in Egs. (II-5) and (II-6) are obtained from formulas derived subsequently.

2. The Geostrophic Wind

The geostrophic wind is assumed to be a linear function of Z:

H
u =u. + B(H-2), -7
g - ( ) (I-7)
v =vi4+C (H-Z) (I1-8)
g g ’

Using the procedure outlined in Haurwitz [14], one may relate B and C to the horizontal
temperature gradient within the transition layer. Taking appropriate account of the

terrain variation, we may derive the following relations:

_a [rez _~(Th-TH)
Ug = Yo H-h b, =R T

" (11-9)
H 9 |1
h 3y (T )dz} ’
v =i [E=Z] et 5 T~ Tw
g g H-hj%g Ty
I1-10
BT, u a1 e
+ ‘—f — | = dZ}
f h ax|T ’
in which
. oE
u = 3y’ (II-11)
~ _ og OE _
¥= T (II-12)
H H g
and ug , V_ are the geostrophic wind components at Z = H, Th and TH are the tempera-

g
tures at Z = hand Z = H, E is the height of the terrain above mean sea level and o is the

map scale factor.




3. The Continuity Equation

Neglecting the partial derivative of air density in the continuity equation leads

to the simplified equation,

aw _ du ov -
oz . ¢ +8y)’ (II-13)

Since w must vanish at Z = 0 due to the viscosity of the air, we may, to good approxima-

tion, solve Eq. (II-9) using the boundary condition, w = 0 at Z = h.

du v
B =

w = - afz
ox dy

. az. (II-14)

Due to our choice of coordinate system, the vertical velocity, w, differs from the
velocity normal to surfaces which parallel mean-sea-level. If the latter is denoted by w,
we may write,

w=w+w, (II-15)
with
~ 3E OE
— g == I-16
w=0 [El g * ¥ By] ( )

4. The Heat Transfer Equation

The first law of thermodynamics, the ideal gas law, and the hydrostatic equation

may be combined to derive a heat transfer equation,

ar _ RT dp @ [, _az+_g_:|}
oZ C
P

(11-17)
. B_g 2L, & |, fdT
CT H|[8Z C dt

; P w

p
where .
Cp is the specific heat of air at constant pressure
R is the gas constant for dry air
p is the air pressure
T is the air temperature
KH is the eddy conductivity
g is the gravitational constant
(%{-} is the heating due to water substance phase changes
W

We simplify Eq. (II-12) by the approximation,




RT dp _ _ & .3 g
Cpp gt - Cp (w + w) (I1-18)

and by neglecting the third term on the right hand side of Eq. (II-17). The resulting

equation is

v [oer or] fer, =

ot ox 3y e

£ . . 9 T g dT

c v GZE{H oz " c I lat
p w

5. The Water Substance Transfer Equation

(I1-19)

The ratio of the water vapor density to the total density of the mixture of air, water
vapor, and liquid water is defined as the specific humidity and denoted by q. We simil-
arly define the specific moisture, r, as the ratio of water substance (vapor and liquid)
density to the density of the mixture. When precipitation is omitted from consideration,

we may write the following equations for q and r.

- - '
or _ or o). e af, e
o~ " [Max " Vay | T Vez " oz B az] -20)
oq (oq , o] e, 8 [ 2] |[da
oo 7 Yax " Vay| Vez "oz LKVBZ]-(dt W=

where Kv is the eddy diffusivity for water vapor and liquid water. The approximation

that both vapor and droplets follow the air motion is convenient and in accord with
dq

[
version of vapor to liquid in condensation.

observations [21]. represents the rate of conversion of vapor to liquid in con-

6. Condensation, Evaporation, and Latent Heat Exchange

In the heat transfer equation and the water vapor transfer equation, source terms
appear for which a computational procedure is required. We have adopted the method
used by Fisher and Caplan [8] modified after the fashion suggested by McDonald [22].
In our technique, we use a standard pressure—height relationship to provide the air
pressure value needed in the computation of the saturation value of specific humidity.

This relation is given by

p = [1.013 - 1.065 X 1076 (Z + E)] (I1-22)




in which p isin bars, and Z and E are in em. The saturation specific humidity,

dg, at a temperature, T(°K), and at a height, Z, is given to good approximation by
8 X 1073 -27 ,
qQ_ - fa8 3 10 = exp { 17.25 [—TTL;S 3’] } (I-23)
[1.013 - 1.065 X 10 ~ (Z+E))] ’

7. The Coefficients of Eddy Diffusivity and Eddy Viscosity

The computational formulas used to compute the coefficients of eddy diffusivity
and eddy viscosity within the transition layer are extensions of formulas which have
been derived from similarity theories for the contact layer. Richardson’s number,
Ri’ is defined as

2

p = R 08 4 RE, (1-24)

i 6 3Z 0z
The free and forced regimes of turbulent convection are discriminated by the use of
a critical value of R;. When R; = - 0.03 we assume that free convection exXists;
when R; > - 0.03 we assume that forced convection exists.
The eddy diffusivities for heat and water (both vapor and liquid) are taken, to

be equal. If free convection prevails, we write,

= 2 |g de| 1/2 11-25)
B, © By = W 6 8z
If forced convection prevails, we write,
R _an 2 |3V :
I\v KH [kZ (1 BRi)] 27 11-26)

The values computed from these formulas are adjusted to lie between 104 and 106
em? sec”!. If R > 0 and ] g_\ZI I =0, or (1-AR,) = 0, we set the coefficients to the
minimum value.

The coefficient of eddy viscosity is assumed to be invariant with height and equal

to the value computed for it from the contact-layer equations at Z = h.

8. Boundary Conditions

The equations presented above require for solution the specification of boundary
.and initial conditions. The initial conditions can be specified from observational data

throughout the region of integration, Lateral boundary conditions are required for those




equations involving horizontal advection terms. These time-dependent conditions are
needed only on those portions of the boundary through which the horizontal flow is
directed into the region of integration. Errors in the specification of conditions on

these boundaries will propagate into the interior of the region at approximately the speed
of the air.

Boundary conditions are also required for the heat and water transfer equations on
the vertical boundaries. On the lower boundary we specify the eddy flux of heat and
water substance. The computation of these boundary values is carried out using the
formulas derived subsequently through consideration of the properties of the contact
layer. On the upper boundary q, T and r are computed from simplified forms of the
basic equations. The simplification involves the neglect at this boundary of the convergence
of the eddy flux.

The vertical boundary conditions needed for the complete solution of the horizontal
wind equations are, first, the specification of the temporal variation of u? and v: , and
second, fe specifcaiond U and V at Z=h. The first conditions may be obtained from fore-
casts of the geopotential made by dynamical-prediction models at appropriate pressure

levels. U and V are computed from formulas derived using the contact layer equations.

9. Constant Flux Hypothesis

The rate at which meteorological properties are transferred by eddy motions within
the region near the ground is so large (at least at certain times) that it is quite clear
from standard observations that this eddy transport must be very nearly non-divergent.
For example, the eddy heat flux has been measured to be several hundred milli-langleys
per minute. If that amount of heat transfer were to converge within a layer of a few hundred
feet thickness, it would produce temperature changes throughout the layer of several tens
of degrees (centigrade) in an hour. Detailed measurements of the eddy transport of heat,
vapor, and momentum have been made utilizing instruments mounted on towers at various
heights. To the accuracy obtainable with these instruments, it has been found [19] that
the convergence of the eddy flux within a depth of 100 meters is usually less than ten per-
cent oi the total flux.

Based upon this empirical evidence, it has been found useful to employ the approxi-

mation that the eddy flux of heat, vapor, and momentum is constant throughout the layer




in contact with the ground surface. The layer is referred to as the “contact layer” in

this paper.

10. Contact Layer

The momentum, heat and vapor fluxes are assumed to be non-divergent within a
layer of 50 m thickness in contact with the Earth’s surface. The value of the temperature
and specific humidity are computed over land at the level of the instrument shelter follow-
ing the method outlined in Sections 19 and 20. The wind speed is assumed to vanish at
the level of the surface roughness. The stress acting at the surface is estimated from
the surface Rossby number and the static stability using the empirical analysis of
Lettau [17] and Blackadar [3]. The mixing coefficients are computed using the appropriate
formulas suggested by the theories of Monin [23] and Priestley [25]. The eddy Prandtl
number is taken to be a constant: KH = KM’ in forced convection, and KH = 1.3 KM’ in
free convection. When free convection is indicated to prevail in the contact layer, we
continue to utilize the forced convection wind profile between the surface roughness
height and 1 m. A minus 1/3 power law applies throughout the remainder of the contact
layer.

The role of the contact layer within the model is to provide lower boundary cendi-
tions for the equations governing the model atmosphere in the deeper transition layer.
For temperature and specific humidity, we compute the eddy flux within the contact layer
and use this quantity as a boundary condition. For the wind equations, we use the wind
profile equations to specify the wind speed and the angle of geostrophic deviation at the
base of the transition layer. We assume that no eddy flux of liquid water occurs within

the contact layer.

11. Surface Stress

The friction velocity, u,, is related to the surface stress 70, and the air density,

P, by the expression
2
| = pu, (I1-27)

Lettau [17] has shown that if one defines a geostrophic drag coefficient, C, by

C=u,/ G (I1-28)




in which G is the surface geostrophic wind speed, then an empirical relationship between

C and the surface Rossby number, R _, may be derived from observational data. RO is

0

defined in terms of G, the Coriolis parameter, f, and the surface roughness, Z 0’ by

RO =G/ (fzo). (I1-29)

In Lettau’s analysis, u, was evaluated for neutral stratification, When the temperature
lapse rate departs from neutral, systematic departures from the previous estimates of
C occur. For lapse stratification, the new drag coefficient is about twenty percent
greater; for moderately strong inversion conditions, the new drag coefficient is some
twenty percent smaller.

Using the data presented in Blackadar’s paper [3], we obtained, by least-squares
fitting, the relation,

= G(0.07625 - 0.00625 log R

0 o (II-30)

u

The subscript, n, indicates that this estimate is appropriate for neutral conditions.
According to Blackadar, some deviation of u, about the value given in the equation above
can be attributed to the presence of a geostrophic wind-shear within the boundary layer.

The fitted relation [Eq. (II-30)] agrees very closely with Lettau’s analysis [17, Fig. 3,
p, 246]).

12. Geostrophic Deviation Angle

The angle of deviation between the surface geostrophic wind and the wind in the

contact layer was shown to be a function of the surface Rossby number, R _, by Blackadar

0
[3]. Using the method of least squares we fitted the following expression to his data;

p = a [log RO]2 + b log RO + c (II-31)

where ¥ is the deviation angle in degrees and the logarithm is to the base 10. The

coefficients were computed to be,

a = 0.625
b = -12.750
c = 80.625

¥ varies between 32.5° for R = 105 and 15.6° for RO = 1010.

0
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13. Turbulence Regimes

We have used the expressions forced and free convection. In forced convection,
both inertial and buoyancy forces act to promote turbulent eddying of the air. In free
convection, buoyancy forces are alone significant.

At all times in the real atmosphere there is some air motion and, as a consequence
of viscosity, there must always be significant inertial influence present close to the
air—ground interface. With strong insolation, it is quite common under inactive synoptic
conditions to find very strong thermal lapse conditions near the ground. In these cases,
the role of the buoyancy forces may dominate in the excitation and maintenance of
turbulent heat exchange, but only at some distance above the interface.

We have found it to be necessary to allow for the occurrence of the free convective
regime within the model. Within the contact layer, the transition to free convection is
assumed to occur throughout its depth when the Richardson’s number reaches a value

near ~-0.03 [25].

14. Forced Convection Relations

Under forced convective conditions, Monin’'s similarity theory [23] may be shown
[24] to be consistent with the following expression for the mixing coefficient, K,

2 8

K = [kz (1—BRi] 3z

(II-32)
where

k is von Karman’s constant

Z is height

B is an empirical constant

Ri is Richardson’s number

S is the wind speed
In the derivation of this expression, the mixing coefficient was assumed to be identical
for both heat and momentum.

The assumption of constant flux may be expressed in the equations,
- Ho_g®_ 9 (I1-33)

© * ok ?
pP 9Z

il




_9Q _ o 8a _ g
5 K oz = Uals> (I1-34)
T_ 9 _ 2
T-Ky =, (11-35)
where
H is the eddy heat flux
Cp is specific heat at constant pressure of air
P is the air density
o is the potential temperature
u, is the friction velocity
©, is a constant with dimensions of temperature
Q is the vapor flux
q is the specific humidity
q, is a dimensionless constant (gm/gm)
Using the approximation
80 _ oT ]
oz ~ oz Y =083
where vy is the dry-adiabatic lapse rate, and the boundary conditions,
q-= qi at Z = Zi,
T = Ti at Z = Zi’ (II-37)
S=0 at Z =2 0’
we may integrate the constant flux equations to obtain
*ﬁg
S(Z) = —m " (Z-Z), (I1-38)
0, ﬁg 62
T(Z) = (II-39)
*
q Bga.®
aZ) =q + — (——Z-)+ * (2-2.) (I1-40)
1k Z, g

%*

in which © is the mean temperature of the layer, which is taken to be a constant.
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If, at the top of the contact layer, the values of T and q, say T, and qh, are

h
known, we may solve the profile equations for 6, and q,. Using the temperature
profile, one has a quadratic equation in ©_. Of the two roots, the correct value for

neutral stratification is given by only one root,

2
-u, 6 { Z T,
e _ ll* m (h~/ i) 1 0 - 1 _Qg— __—1_ N y]
* 28gk(h - Z,) | : slh-z,
' u (I1-41)
ki - 2,)] 2 ¥z
in (b/Z,)

From the profile equation for q, one easily obtains the solution for q,

i b/Z)  peo,
a4 = (@, - q) e bz

(I1-42)

The wind speed at the top of the contact layer, S _, may be readily evaluated from

h’
the wind speed profile equation,

u, h S
Sh= T{—ﬂn(z—o)+

15. Free Convection Formulas

h - 2 (11-43)

0)

Priestley’s similarity theory for free convection [25]) yields the following expres-

sion for the mixing coefficient for heat,
_,o2|8 | 8T 1/2
Ky = AZ [5 +’y] (11-44)

0Z
in which A is an empirical constant.

Utilizing this expression in the equation for constant heat flux, one obtains,

2 gl1/2 | aT
-AZ (5) oz

3/2=ue

94 (II-45)

This expression may be integrated using the boundary condition, T = T at Z = Zi’

3u,0, 1/31 -1/3  -1/3
1/3( ) [ -Z, ] (I1-46)

|u,©

to get the profile formula

T(Z) = T; - v (2-2) - 2/

13




If one assumes that the mixing coefficient for water vapor is identical to that for heat

the specific humidity profile equation becomes,

3u.q 1/3
Sy - /3 _ ,-1/3 )
a(Z) = q, /5o 1/3 ( ) |: z, :I (L1-47)
*

b,

Under the assumption that the mixing coefficient for heat is thirty percent larger

than that for momentum, one may derive a wind profile for free convection, vis

2
3.9u, 5 1/3 _1/3 _1/3
S(Z) = - (—) [z -z ] (I1-48)
\2/3 Iu*9*|1/3 o 0

We have adjusted this equation by assuming that a near-neutral forced convective
regime exists between Z_and Z

0 ot 1 m. This yields the wind profile,
2
u, Z,+1m 3.9u 1/3
8(Z) = 7. I - ( )
2
Z0 A /3 lu,0, | 1/3

(I1-49)

[2'1/3 - (Z, + 1 m)_l/3:]'

Now if the temperature and specific humidity are known at Z = h, the top of the

contact layer, we may solve the profile equations for 6, and q,

O, =- * 2/3 (%)1/3 —1(/h3— - 1/3 [11‘1h —zZi | 7] ¥ o
3u, (h -z ) A

i

¥y 5 VY3 -1/3 -1/3
q, = - (q, - q.) (— ’ [h - Z, ] (I1-51)
* h i A2/3|u*e*|1/3 g i

The wind speed at the top of the contact layer is readily computed to be given by

u, Z0 + 1m 3. 9u* 1/3
Sh)y= — I |———] - ( }
k Z, 22/3 ™ 1/3

[h_1/3 - (Zy + 1m)'1/3]

(I1-52)
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16. Determination of Regime

The two sets of results derived above may be applied, provided that the appropriate
convective regime is determined. We discovered that the forced convection formula for
e*, which involves a radical, can be used to determine the character of the regime. We

note that the quantity ©_ will be complex if

2 —
T, - T, u,© [Im@/z) |2

h- 2 Y S 4pg k(h - Z,)

(I1-53)

Upon utilizing the forced convection heat flux, evaluated at a temperature difference
for which the radical vanishes in the formula for ©,, we can evaluate the Richardson's
number (Ri) as a function of height, and the parameter, 8. Using h = 50 m, Zi = 1m,

g = 2.0,and Z = 1.5 m, we found [12] that Ri = -0.032. This value agrees well with the
critical Richardson’s number quoted by Priestley [25]. We concluded that the satisfaction
of the inequality above was a sufficient condition for deciding that a free convection regime
prevailed.

A further test of regime was subsequently developed from the formula for the forced

convection mixing coefficient evaluated at the top of the contact layer,

Bgkhu, O,
}Sl = hku, 1.0 + —-—.é—u-g—— (I1-54)

This is equivalent to

Kh = ku h (1 - ﬁRi) (Z = h) (II-55)

and it is clear that the factor (1 - ﬂRi) must be positive. This leads to a condition

Bgkhu, O,
1.0 + —Q—3 > 0 (II-56)
Bu

*
The existence of this added condition reflects the possible existence of a mixture
of free and forced convective regimes within the contact layer of a more complex nature
than that indicated in our treatment of the wind profile in free convection. The description
of this situation is beyond the scope of our model. We have, of course, been forced to
recognize the constraint imposed by the last inequality, which is more stringent than the

inequality given earlier. In practice, we have gone a step further and employed the free




convection formulas in lapse conditions whenever the free convection heat flux exceeds

that given by the forced convection formula.

17. Continuity of Heat Flux

It seemed reasonable to require the heat flux to be continuous at the critical
Richardson’s number. We found [12] that this condition was adequate to relate the value

of the parameter, A, to the value of 8. The resulting expression is of the form

A= k2c VB (I1-57)
The symbol, c, stands for a constant dependent solely upon the levels Zi and h.
Using k = 0.38, we found
A=085VF (I1-58)
For g = 2.0, A = 1.2, a value between those given for this parameter by Priestley [25]
and Dyer [6].

18. Extreme Stability

In addition to the limit on the applicability of the Monin forced convection formulas
in lapse conditions indicated above, we note that the formulas become invalid when the
Richardson number becomes larger than ﬁ-l. In this case, we assume that the quantities
O, and q, may be computed using the constant minimal value for the mixing coefficient,
Kmin (~ 102 cm2 sec-l).

In this way, one obtains,

Kmin Th B Ti
O, = + (I1-59)
* u, h - Zi
and
K 49 -4
_ _min| "h i
q, = u, [h - Zi] (11-60)

To compute the wind speed at Z = h, we assume that the wind is a fixed fraction of the
surface geostrophic wind speed, G,

S(h) = 0.176 G. (1I-61)

The constant (0.176) was estimated from the ‘“Ekman Spiral” using K = 104 cm?

1

sec ,f = 1074 sec™1, and the assumption that the wind vanishes at Z = 0 and becomes

geostrophic as Z — <.
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19. Surface Temperature Specification

By surface temperature, we mean air temperature measured within an instrument
shelter located 1.22 m above the ground. In the case of points located over t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>